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ABSTRACT

[)!ulumcnt and integration of scceleration in inertial navigation is assoclated
with instrumentation problems of a charaoter different from those in other fislds of tech-

nology. The purpose }hc paper is to outline the princsples of such measursaents, and
some typiosl approachgf to”inltgumtatxonj
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. MEASURZEMENT AND INTDZRATION OF ACUSELERATION T INFRIIAL KATIVATION
By J, M, Slater

INTRODUCTION

Inertial navigation (1,2,_’))l is a relatively new art which has evolved in paraljel with
the development of higheperformance supersocnic alreraft end missiles, It 1s 3 nig-ly speciaiized
form of dead-reckoning, It depends upon sensing and integrating thanges of venicle motion (i.e.,
vehicle translational accelerations) ro compute veloclity, the rirst time integral of acceleration,
and distance, the second,

Typlcally, the axes along which the vehicle accelerations are sensed are not the ailr.
frame axes but rather a set which 1is stabiliized, that is to say, maintained in some predeter-
mines space orientation which is independent of vehlcle attitude a2nd neading. Stabilization 1s
provided by an assembly of precislon gyroscopes isolated from vehicle zngular movements by a set
¢f gimbals under servo control from the gyroscores.

Assuming such stabllization, the integrated acceleration signals can be {nterpreted with
respect to some selected terrestrial co-ordinate system. For example, 1f “he sensing axes are
maintained level and northesouth and east-west, the integral outputs can be interpreted in terms
of latitude-longitude charges,

Navigation in a broad sense might be considered 2s a three-zxis problem; determination of
vehlcle height, as well as latitude and longitude. For present purposes 1t will be considered as
a8 two-axls problem, as 1t zctually 15 on & ship. Thus, assuming the acceleration-sensing axes to
be kept level or approximately so, two acoceleration~sensing and measurement channels suffice.

Theoretically the complete zcceleration sensing and iIntegrating system of an inertial
navigator could be a very simple device, based on a stralghtforward mechanization of Newton's
gsecond law of motion.

Eny mass supported to be free to move along a line h2s the makings of zn inertial double

integrator, since, 1f zn z2cceleration component exists along the axls, displacement is equal to
the double time Integrzl of acceleration, The acceleratlion sensing ard integrating functlions could
be combined in 2 single element, 2 physical pendulum of constants such that 1ts angulsar acceleration

bJ' in space 18 equal to angular aceeleration «/ of the support, in movemerts of the support about
the center of the earth, Then angular deflection of the pendulum 18 egquzl to the angle traveled
about the center of the earth ..~ {geocentric) lztitude angle, for example, in the case of KS
movement,

Flg., 1 1llustrates this concept. The period of 2 physical pendulum T = 2m(I/mgr)d/2
where I is moment of 1nertia and wmr is the effective pendulous moment, Imagine three vendulums,
all having the same mr; one has a very small I, another a quasi-infinite I and the third an inter-
medlate I, If the pendulum support is accelerated about the center of the earth, the smiallest pendue =
lum will h&ng back; 1., e., point Hehind the center of the earth, The largest one will hang forward; E]
1. e., point ahead of the center of the earth, There must be an intermediate case where the pendu-
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lum will remzin pointed =% the cerler of the eartk{ . o
v
v 4 .
Suen a hypothetiezl >hysiesl pendulum, with constants chosen so tnatw =« , 1s the 50~

called Schuler~tuned rerndulum, Tre condition for %this egualility is that I = mmR, where F 1s the
radius of the eartl:, By sucstitutlnon in the exprezsion for te perlod given sbove, the period

of such a pendulum, osclllating in the earth's gravitationzl field, is found to bte T = Zw(R/g)1 2,
where R and g are the earth’s padius arnd acceleration of grevity, Taking values for these quanti-
ties at the esrth's surface, T = 84 mir. approximately. Accordingly. the hypothetical device is
sometimes cslled the Sh-min pendulum., It rnas heen discussed 2t lengt. elsewhere {1, 2, 3, 4)

and for the present purposes it is sufficlent to polirt out that direct mechanization in the slimple
form 1s impossible., For a rezsonable moment of inertia I the pendulous moment mr 1s vanlishingly
gmall and for & converient mr the I 1s colossal. Accordingly, in practical applications of the

principle a convenlent mr 1s chosen and the effect of large T is simulated by various artifices,

Practical navigatlon sysiems make use of accelerzticn-sensing devices which may be ac-
celerometers ir conjunction with separate integrators, or instruments in which one or two stages
of integration are carried out 28 part of the sensing functlcon, Ir &1l cases a feedback of the
integrated output 1s provided to the base of the sensirg device, in a manner to simulate the bee
havior of the simple physical pendulum,

GENERAL REQUIREMFNTS OF ACCELERATIONSSENSTINC AND INTEGRATING STSTEMS

There may firat be considered some general requirements wnich apply to most forms of
acceleration.sensing aznd integrating devices for use In navigators, Such requirements are rather
different from thote ir most other znplications.

On tre ore hand, extremely rapid response is not required, Only those changes of vehlcle
motion are of irterest which can produce signifilcant chenges in velocity or position, Higher'requency
vibratory acceleratlons are filtersd out, when it 1s possible to do so, by shock mounts, Also,
the environment &s regards temperature, pressure, stray flelds, etc,, may sometimes be made more
favorable than in many other air-borne applications; sucn variahles may nave to be controlled anye
way for the sake of assoclated equinment,

On the other hand, reguirements are severe ag regards bize and scale factor,

The effect of an accelerstinn blas on navigation zccuracy 1s relatively stralghtforward,
In the navigator the acceleration-sensing devices constitute part of an artificial pendulum which
behaves essentislly like an undamped physical pendulum, Upon application, for example, of a steady
horizontal acoeleration bias of C,00lg the pendulous system {(at 1lg) will osclllate between the
limits O and 0,002 radien -- jJjust as would a simple vendulum upon application of such bias, The
maximum pesition error introduced will be (0,002) R, or 7.2 nautical miles,

I% 1s apperent thet for precision navigation the bias must be kept very small, This
means that bearing friction for the pendulum or equivalent acceleration responsive element must
be minimiged, It alsc means that the sensitive axis of the instrument must be maintained in an
accurately predetermined direction, Shift of such axis by a small angle # would allow the device
to plok up &n muceleration componen: @t where a is acceleration present on a quadrature axis,

The effect of acoslerometer scale-factor error is similar to that of bias, If, during 2
1g horlgontael acceleration, the accelergmeter reads 0,999g, & epurious asceleration oomponent equal
to 0,002g will appear, initiating oscillatory veloocity and position errors of slmlliar magnitude,

The effect of scale-frator error in the integral terms 18 not quite so simple, An error
of 0,001 in the first integral would correspond to a cumulative 1'knot error at 1000 knots, were 1t
fict for the effect of g. Ag 2 matter of fect, if the first integral is "low", the t1lt of the ace




celerationesensing device about the center of the earth will lag the corresponding vehicle movement,
and a component of g will appear, This component 15 interpreted as an acceleration of the vehicle
and accordinzly the tilting drive is speeded up, in a sense to reduce the component of g, An 05—
cillating condition, rather than a cumulative error, exists, in veloclity and in position {(the second
integral), Without going into detalls, it may be assumed that the scale-factor error must be kept
to the same fractional order as the bias error,

The severe requirements as regards blas and scale factor are aften accompanied with a re-
quirement that the accelerationesensing device produce directly a signal proportional to a time 1in«
te;ral of acceleration,

These condlitions in practice bring the acceleration-sensing problem into the same order of
magnitude as that of providing gyroscopes of navigation grade, which latter problem is generally
recognized as being quite formidable,

There may now be considered the princlples of operation of various devices intended to
meet these specifications,

ACCELEROMETER WITH SEPARATE INTEGRATOR

In general, a nonintegrating accelerometer 1is 2 simpler plece of mechanism than an in-
tegrating accelerometer, For this reason accelerometers combined with separate integrators have
found some use,

One of the best solutions to the problem of measuring accelerations as such was ploneered
by the Germans as part of experimental V2 rocket-guldance apparatus. It consists in detecting de-
flection of a pendulous element with a sensitive pickoff (position transducer) and applying an
electromagnetic force to drive the element toward null, Thus, the element may be provided with a
coll extending into the gap of a permanent magnet, as In a d'Arsonval galvanometer movement for
example, The coil 1s energized with dc¢ from a servo controller taking signals from the pickoff,
Restoring force is linearly proportional to coill current, The scale factor 1s theoretically une
affected by temperature changes except for the temperature coefficlent of the permanent-magnet
materials (usually about 2 x 10‘u/aeg cl.

Despite the inherent accuracy, simplicity and good dynamic properties of an accelerometer
of this type, its applicabllity to navigation is limited, The difficulty lies in the step of inte-
gration, Unfortunately 1t 1s not possible to count the electrons flowing in the coil, and we are
confronted with the problem of integrating a current to a high order of precision,

In certaln special cases integration of accelerometer signals can be performed with
sufficlent acouracy by exterior means, An example 15 the veloclty measurement scheme (5) used
experimentally in some of the German V2 rockets, to signal motor cutoff on attainment of a pre-
determined veloeity, An accelerometer was employed of the type described glving a current pro-
portional to applied acceleration, The current was passed through an electrolytic cell, analogous
to a "silver voltmeter," containing a preestablished mass of material, When all the material was
decomposed, cell resistance changed abruptly and a relay was actuated, The device followed
Faraday's law, M = 2 1dt, vhere M 48 mass of material decomposed, z 1s the ~lectro.chemical
equivalent of- the material, and 1 is current. Such a scheme can be made simple and fairly accurate
but 1t is not suitable for continuous indication or for reedback to base as required in true navia
gation systems, Also, it 1ls dlfficult to carry out a double integration by this means,

In general, lntegration to 1-0,1 per cent is relatively simple, using motor-generator feed=-
back tachometers or electrical circuits, for example. Mechanical integrators of ball-disk-drum type
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can be made good to 0, 1-0,01 per cent if adJustment of the ball positlon can be effected reasonably
slowly, but such devices are not particularly well adapted to following rapidly changing inputs, As
for electrical circults, the necessary elements (capaclters, resistors, voltage standards, etc,) be-
come increasingly critical as linearity and low-drift specifications are rulsed,

These considerations make apparent the reasons for development of integrating accelerometers,

INTEGRATING ACCELEROMETERS

It 1s possible to devise an acceleration-sensing device which pcrforms a double integration
by mechanlzation of Newton'!s second law of motlon, without requiring impractical values of mass or
radius., The trick is to arrange matters so that the moment-of-inertla member (the element which 1s the
counterpart of the element labeled I in Fig, 1) will be free to rotate through any number of revolutions,
instead of being required to rotate in strict synchronism {1:1) with vehlcle angular movements about
the center of the earth as 1n the case of the physical pendulum,

FPig. 2 will serve to lllustrate the principle, in compariscn with a simple nonintegrating
acceleration-sensing system, At {a) 1is shown a typical gravity meter of bifilar-suspension type, with
spring restraint, Variations in the acceleration of gravity g glve rise to a comblned rotation and
translation of the movable mass m, For small varlations in g, such as not to change the bifllar sup-
port angle o( appreclably, the rotation angle ¥ of the mass will be proportional to g, that is,

Y= kg where k is an instrument constant depending on mass m, the geometrical conflguratlon of the sus-
pension, and the spring constant,

In {b) the spring restraint 1s removed and the restoring force for mg cobtained as follows:
A position plckoff detects translation-rotation of the wass, and controls, via a2 servo controller, 3
rotary servomotor which drives the suspension, Acceleratlion, such as g, acting on the mass member
causes the member to translate and also to rotate at an angular acceleration 1} determined solely by
the moment of inertia I of the member and the configuration of the bifilar support. The motor has to
rotate the support at an equal angular acceleratioanto keep the pickoff signal a2t null, Thusﬁ}: kg,
where k' 1s an 1instrument constant depending on the moment of 1inertia of the suspended mass and the geo-
metrical configuration of the suspension, Angle ¥ the double time integral of )D , 1s proportional
to the double time integral of g,

»

The particular devlice skefched 1s not very well adapted to measuring vehicle acceleratlons,
mainly because of its unidirectional character (it tould not measure acceleration 1n a direction opposite
to that of g)., However, thls dlsabllity is due to the form of suspension selected for illustration rather
than to any inherent limitation, Without going into practical detalls, we may assume that an operative
device can be bullt, viz,, one which wlll sense accelerations in elther directlon along an axis and pro-
duce, at a motor shaft, an angular acceleration, veloclty and displacement '¥3, W and ¥/ proportional to
acting translational acceleratlion and the first and second time integrals thereof,

A double-integrating accelerometer constitutes only a part of an artificial Schuler pendulum,
To synthesize the required osclllatory system the integrating accelerometer must be mounted on a tlltable
base, and feedback of the doubly Integrated output to the base must be provided. One way of dolng this
1s by mounting the lIntegrating accelerometer on a trunnion, as sketched 1n Fig., 3, and causing the
shaft to drive the trunnlon through step-down gearing, Sensing 1s such as to tilt the trunnion in the
direction of acceleration, For example, if the whole assembly 1s accelerated to the right the trunnion
will be tipped clockwise,

The oscillatory property of the system may be demonstrated as follows:

If the appararatus is tipped through some small Initial angle ff, so as to sense a component of




of gravity, a = g@, the rotor shaft will te accelerited. and simultaneously the trunnion wiil

be tilted back toward level, As the cevice reaches level position, a = zff = O, whereas the rotor
velocity 1s at a maximum, The device overshoots untll the rotor 1s scopped by 2 signal corresponding
to a = gff. Acceleration, velocity, ard displacement zre each 90 deg out of phase, and the system bew
haves exactly like an undamped physical pendulum described by the equation

g+ x(gh) = 0

N
Wherein N is the step«down gear rztlc, Tre period will be

e S AL
'8

As mentioned previously, the reguirement for Schuler tuning is that the period of os-
cillaetion be T = aﬂ{R/g)l 2, By substitution, the required gear ratio 1s defined by the expression

N == k'R,

8
The enormous value {6 x 10 cm) of the eartherzdius term R, which makes the simple form
of Schuler pendulum impractical, here enters merely as a gear-reductlion ratio,

An 1nertial navigator based on this sort of device may consist of a palr of units of the
type sketched in Fig. 3, mounted relztive to a gyroscopically stsbilized element via angle drives
in the manner described In reference (2). Compensation for ezrtherotation velocity and for dis-
turbing acceleration components must be made 2s in the case of any other system, whether based on
an ideal Schuler pendulum or on various other artificial pendulums, When {and only when)} the sy~
stem has been properly tuned, and the necessary compensatlons made, the angular veloclty and dis.
placement of thie roftor may be interpreted as proportional to vehicle velocity and position,

Double=-integrating zccelerometers based on a direct mechanlzation of Newton's second law
of motion have tre advantage of having virtually no inherent limitations on accuracy. Aside from
the bearing for the sensing mass -- wiich must be very good in zny type of navigation acceleratione
senser -- the problem of attaining accuracy theoreiically reduces itself to that of proper servo cone
trél so that deflection of the mass is minimized, znd of holding dimgnsions constant, Frictlion in
the servomotor bearings does not introduce error directly and the components in the slectrical chane
nel (plckoff, servocorntroller, servomotor) do rnot nsed to be either linear or highly stable in gain,
Ideally, the cCevice should be unaffested by temperature except for the very small varlation in scale
factor accompanying a change of dimensions of the parts,

To obtain en angular velocity signal from such a double-integrating device, when such 1is
needed (as for compensation of Coriolils accelerztioz which is proportional to vehlcle velocity)
the output must be differentiated, as by a tachometer operated by the motor,

In some sorts of systems the quantity of primary interest 1s angular velocity rather than
displacement, Accordingly, instruments are found which give thls flrst integral term directly, as
& shaft rotation or the equivalent,

Here again Newtonis second law of motion can he invoked to perform the integration, though
not in such a stralghtforward manner as in the case of double integration.

Thne gyroscope is a typlcal single-integreting device., Torque I (= mra where mr is a pends
ulous moment and a 18 acceleration) gives rise to preceesion angular veloolty in accordance with
the relation L = FH where H 1s gyroscopve rotor angular momentum, By making the gyroscope un-
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balanced about 1ts ouihput ar}sz, wltl pendulous momernt mi, P 1s wade propsrticneil *5 3 ard pre=
cession 2ngle to the firs: time integrzl of a.

A gyroscoplc pendulum 1ritegrating acceleromseter wes used by the Germans for measuring
velocity along the trajectory of thns 72 (German Ak) rocket (5,6} and nzs recently been described
in an improved form (3). The Gevice s sicetched in the upper Part of Pig. 4, The sysvoscope
rotor is offset and 1s mounted in gimbals so as to have angular Trzedom adbout %wo axes, A plcke
off deteots any angular deflection of the penduvlous robtor assembly about the outpui axis and calls
up, via a servo controller, a torque or the input {outsr gimbal) axis, i & sense sucii as Lo reduce the
deflection,

On zpolication of acceleration zlong the directior of the cuter gilmeal axis, precession
oceurs about such axis and 2 count of shafi revoluticns gives the integral. In the V2 syscem
scale factors were such that the gyroscope made several revolutions during She boost <o cutoff
velocity.

As pointed out vy Clemens {1}, in the czse of a gyroscopically stabilized accelerometer
functioning as a~ artificlzl Schuler pendulum the second time integration can be performed by the
gyroscope 1tself, the gyroscope being torgued at a value L =WH' whereld 1s argular velocity about
the center of the earth and H' is angular momentum of the stavbilizing gyroscope. Fig, 4 shows the
single-integrating accelerometer in such z system. The gyroscope stabilizes about Lts input axis
which is disposed at right angles %o the accelerometer-sersing axils, The accelerometer apvlies the
eontrol “orque as a function of &) , as by adjusting a precl*ion torsionzl spring oan the output axis
of the stabilizing gyroscope, When the base is travelirg a% angular veloelty ! 2bort the center of
the earth, the stadbllizing gyroscepe will have an equal space angular veloclty and will thus keep
the acceleration sensing axis always at right anglées te R. A complete navigator inertial assembly
would include two such units, disposed at right angles, and a third stabilizing gyroscope for aziavth,
as described by Clemens,

4s 1n the case of the instrument first described, the gyroscople pendulum has no significant
inherent limltatlons on accuracy., Wnhen practical dedzlls are considered, the complexity of the des
vice mzkes realization of its potentlzl accuracvy a fairly difficult matter, The gyroccore is sube
Ject to error from 2 varlety of sources, and the same precautlons in design and use must be taken as
in the case of navigatlon gyroscopes, though with a somewhat less degree of strictness.

In %hils instrument, as in any other which Incorporates z gyroscope, the effect of the dlurnal
rotation velocdiy JL of the earth and any other angular velocitles of the base must be tzken into zc=-
count, A gyroscope is in essence a device to remaln irrotationzl in space, Even in the zbsence of
acceleration, the gyroependulum will exhiblt an apparent counter-edrthwise rotation at a rate equal
to whatever component of fb exists along the input axis, However, by setting scale factors so that
crulse veloclty corresponds to several revolutions the ccrrection can be made noncerlticci,

Tre peculiar nature of the gyroscope 21sc comes intc nlay in testing the instrument, The
only way in the lzbhoratory to produce a sustained multi-g zcceleration is by means of 2 centrifuge,
But whirling the gyroscopic pendulum with the accelerationaezensitvive axis disposed along s radius of
. the centrifuge would result in very high precessior torqgues (u = p 3 H where P 1s centrifuge spin
veloolty) which must be withstood by the various gyroscope bearings,

in the utandaﬂd nomenclature for single~axis gyroscopes {(the type here under corsideration)
tl.s support axls of the gyroscope gimbal im termed the output axls (sometimes czlled the "preceasion
axis"), By construction the spin axils 1s established at rizht angles thereto, The spin reference
axis 1s eatahlished by placeflant of the ousputeaxis plekoff; 1t 1s the direction of the epin exis in
1ts normai (uuderleoted) position, The input axls (sometimes crlled the "etabilizing «xis”) is de-

fined as the axis =t rlgnt angles Lo the output and the spin reference axes,
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Other singly integrating systems based on the laws of motion are theoretically avallable,

An ordinary pendulum, as in a pendulum-controlled clock, can constitute an extremely accurate
integrator of sustained acceleration (g). Attempts have been made to employ spring-mass systems
as integrating accelerometers for use on moving bases., However, the quadratic naturc uf the out«
put and the poor dynamic characteristics have militated against successful application,

Another possible device would take the form of a centrifugal governor assembly, servo-
driven to maintain the flyballs at a predetermined angle, Here‘yl= (a/r)l/z, where a 1s acceleri=
tion and r is radius. The guadratic nature of the response, and the mechanlcal complexity, are
unfavorable factors,

It must not be thought that the devices mentioned exhaust the possibilitles for inte-
grating accelerometers. The problem stated in broad terms 1s to generate a force for constrain.
ing the movable mass to the base when acted on by an acceleration which force will be asscclated
with, or characterized by, a time rate of change of some sort; 1i,e., an angular velocity, or a
pulse repetition rate or other countable time series of events,

A varlety of other physical phenomena besldes mass reaction have the property of ylelding
a rate quantity proportional to force, qualitatively speaking., Many, but not all, are ruled out
because the proportionallty is affected by uncontrollable extraneous effects rather than being dew
termined by some simple law,

It will be noted that the integrating accelerometers described all involve servocontrolled
rotating machinery and the complications incldent thereto., An ideal singleeintegrating acceleroe
meter might have the form of a mass assoclated with a restraining transducer giving directly a
frequency proportional to force exerted on it by the mass, The difficulty 1s !n finding a trans-
ducer which wlll meet all the requirements of low bias, high linearity over a very wide range, high
resolution, and good dynamic-response characteristics,

DESIGN CONSIDERATIONS

Some electromechanical features are common to virtually all types of acceleration-
senging devices Intended for navigation use, )

The sensing part of an accelerometer, whether of the nonintegrating or the integrating
types, usually takes the form of a small mass, supported on a slide bearing or on a pivoted arm,
The bearing ih either case 1is designed for minimum friction or other indeterminable coercion of
any sort, (Inh the devices sketched in Figs, 2 and 4 1%t 1is apparent that any trace of friction at
the support for the sensing mass could result in malperformance,)

In earller years, the bearing was often the weak spot in precision instruments intended
for alr«bprne applications, Ball bearings and other supports involving Coulomd friction are of
marginalvﬁtility. Quartz flbers and knife edges, so convenient for laboratory instruments, are
ordinarily unsuitable for use on an accelerated base, The development of pressure-.supplied gas and
11qi1d bearings has changed the situation, Properly designed bearings of this type have strictly
negligible Coulomb or statlc friction, and very low coercion of any sort, They also can be made
largely insensitive to load changes, even those of considerable magnitude, They are rugged and ree
gist damage in transpgvtation and in use,

Por various reasons 1t 1s usually convenient to keep the sensing mass of the accelero~
meter substantially fixed relative to the base, on the average, rather than to allow it to de-
flect any significant dlstance, Thls 15 strictly necessary in the pivoted-arm type, to avoid the




cross-~coupling error mentioned, It 1s usually practically necessary even in the purely translational
type (as in Fig, 2) which 1s immune to cross-coupling, Thus, 3 spring-restrained translatory mass

can be a very accurate device so far as ylelding a deflection proportional to acceleration 1is
concerned, Such systems are quite practical for gravity measurement, where the total range of
variation in the quantity measured 1s a fraction of 1 ver cent, But the readout problem 1s formidable
when a wide range of accelerations 1s to be covered. If it 1s desired to resolve one g to one

part in 1000 (a relatively modest specification), even with a 0.1 in, movement the eguivalent of a
{frictionless) potentiometer wound with 0,1 mil wire would be necessary,

Accordingly, the pickoff willl usually be employed in a null system wherein fixity of
null and freedom from coercion are more important than linearity.

Variable reluctance devices such as the familiar "E" plckoff have found some use, They
have the conslderable advantage of requiring no lead-in wires to the sensitive element, Unfor-
tunately, coercion is difficult to eliminate, C(Close control of materials and of gaps and other
parts of the configuration are required to bring the stray torque level down to the required levels
in navigation instruments,

Capacitor pickoff always look good in the beginning. They are simple, sensltive, and rugged.
For reasons assoclated with thelr high impedance, dlelectric instability, and requirements for shieldw
ing, in most development programs the capacitor pickoff sooner or later is displaced by an electro=
magnetic device,

Optical pickoffs, extremely useful in laboratory experimental setups, have found less
application to field equipment, The large size of the opties and length ¢f light beam to obtain
the necessary high resolutlon militates against thelr use.

The variable<transformer type of pickoff in which the moving element is a coil on non=-
magnetlc support, has every property needed, It is relatively noncritical as regards conflgura-
tion or materials; 1t can be electrically loaded so as to have zero (or a predetermined positive
or negative) coercion, and it 1s very Sensitive, Displacement of a few microinches 1is readily
detected, The only disadvantage is the necessity of bringing a pair of wires to the sensitive
element,

The acceleration-sensing device may be provided with a force-or torgue-generating trans-
ducer for appilecation of compensating bilases, Ordinarlly the maximum blas will be only a small
fraction of one g, if the system is one wherein the devices are kept level. Even so, linearity
and repeatability tolerances are high, PFurthermore, the output must be relatively independent
of a siight displacement of the coeaperating parts of the transducer,

The accuracy requirement usually rules out such convenlent gadgets as polyphase torque
motors and other a-c devices,

Devices based on attractlon of 1iron by electromagnets obviously give the most output
for a glven excitatlon current, But without excessive refinement they are unduly subject to hye
steresis and to lack of linearity,

Excellent results are obtalned with moving-coll deslgns, analogous to the d'Arsonval
galvanometer movement (as in the German accelerometer mentioned} or the driver of a loud speaker.
The coll 18 attached to the sensitlive element and 1s energized with dc proportional to the de-
sired blas, Accuracy depends mainly on the constancy with which the fixed magnetic f1eld can be
maintalned,
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CONCLUSIONS

The variety of acceleratione.sensing devices described implies that no single solution
has been found to fit all inertial navigation and guidance needs, Requirements are extremely
severe, and 1t usually pays to take advantage of any relaxation along particular lines that a
given inertial system may permit,

The 1ntegpat1ng-acce1erometer problem exerts a sort of fascination on those who have
to deal with 1t, One reason lies in the technological challenges involved 1n carrying out high-
precision force-balancing operations in a rough environment. Anocther lies in the stated variety
of possible iines of attack,There 1s-only one generally useful way known to establish a self.
sufficlent inertial space reference; viz,, by use of a gyroscope, There the integration has to
be a vector integration, and this 1s accomplished with the aid of the law L = 5 x H, But in
the case of inertial-velocity determination, while acceleration sensing has to be a vector
operation, integration does not,
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